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NATIONAL_'.RONAUTICSANDSPACEADMINISTRATION

TECHNICALNOTED-1725

TECHNIQUESUSEDTOMEASURETHEHYDRAULICCHARACTEIKTSTICS

OFTHENASAPLUMBROOKP_ACTORI

By Joseph M. Savino and Chester D. Lanzo

I - SUMMARYOF CORE TESTING EXPERIMENTS

SUMMARY

The basic objectives of the hydraulic testing program for the NASA Plum
Brook Reactor were to determine in detail the flow characteristics of the reactor

core and reflector regions with instruments developed for this purpose and to

correct any flow anomalies uncovered during the testing.

Built-in total-pressure and static-pressure probes were used to measure ve-

locities in the cooling passages of the fuel asse_)lies, fuel section of the shim

rod_ and reflector components. Static-pressure distributions were also deter-

mined throughout the important regions of the acti_re core. Special simulated

fuel assemblies were developed and employed to measure the bulk flow rates

through the inside of the assembly at each position of the core at steady state

and during the transient period of coast down. Co_mnercial pressure gages and in-

verted glass manometer tubes were used to measure ]pressure differences. Visual

observations were made of the flow patterns in the large volume above the core.

Most of the tests were made at water temperatures in the range of 65 ° to

93 ° F and for the normal expected flow rates for f,_l-power or shutdown reactor

operations. The test results showed that flow and static-pressure distributions

in the fuel and reflector regions of the core and the overall flow characteris-

tics of the reactor were i_ close agreement with design specifications except for

one flow anomaly. A flow starvation and some wide variations and fluctuations of

the velocity and static pressure were found in the channels between the fuel

assemblies and adjacent components_ such as another assembly or a control rod.

After much experimentation the causes of the flow anomaly were found. The flow

resistance at the entrance to these passages was too high, and extraneous water

was getting into the passages downstream from the entrance through holes in the

control rods and other openings. A few additional factors that contributed to

the problem are discussed.

To correct the flow anomaly_ the sources of extraneous water were sealed or

iThis is an expanded version of the report entitled "Methods of Testing the

NASA Plum Brook Reactor for its Hydraulic Characteristicsj" presented at the con-

ference on Light Water Moderated Research Reactors, sponsored by Oak Ridge

National Laboratory_ Oak Ridge, Tenn._ June ll-li_ 1962.



restricted_ large elliptical holes were cut on each side of the upper fuel-
assembly inlet diffuser, and the flow rate through the entire system was in-
creased from the design value of 15,500 to 17,700 gallons per minute. These core
modifications had no adverse influence on the flow characteristics of the core
and reflector components. Thus, with these changes the hydraulics of the modi-
fied NASAPlum Brook Reactor satisfy all the flow requirements for full-power and
shutdown operations.

All the instrumentation used in the core tests proved to be reliable_ accu-
rate, and relatively free of operational difficulties. The total- and static-
pressure probes measured in detail the velocities inside the important cooling
channels of the fuel assemblies and reflector components. A complete mapping of
the static pressures in the core and other important locations was easily made
with static-pressure probes and wall taps. The simulated fuel assemblies gave an
accurate measure of the bulk flow distribution _nong the assemblies and of the
rates during the flow coast down. The successful application of the techniques
used in this reactor flow test suggests that they can be adapted to hydraulic
tests of other reactors.

INTRODUCTION

The NASAPlum Brook Reactor (near Sandusky, Ohio) is a light-water-cooled
and moderated reactor having a primary beryllium reflector and a secondary water
reflector. The facility is described in detail in an unpublished NASAreport_
the "Final Hazards Summary,Plum Brook Reactor Facility," by A. B. Davis_ B.
Lubarsky, and T. M. Hallman, December1959 (vols. I and 5). The core is a 3 × 9

array of plate-type fuel assemblies designed for a power output of 60 megawatts

thermal at a maximum coolant temperature of 185 ° F and a pressure of 155 pounds

per square inch absolute. Before the reactor can operate satisfactorily at maxi-

mum power_ the coolant flow and pressure distributions in the core must be ade-

quate. If any channel receives insufficient coolant_ the wall temperature may

rise above the maximum design limit. If the pressures are improperly distribu-

ted, a failure may occur; for example_ a fuel plate may collapse. Hence_ to pre-

vent any damage to the reactor and possible serious accidents, any maldistribu-

tions of flow or pressures must be corrected or the operating power level must be
reduced.

Usually it is very difficult to ascertain if a flow starvation exists and

where it will occur by computational methods alone. This is because many reactor

cooling channels have complex geometries whose flow characteristics cannot be

accurately assessed. Consequently, the flow and static-pressure distributions

in the reactor and reflector components must be determined by direct measurement

before the reactor is started. Such a test program involves measurements within

the core and many laboratory experiments.

A number of reports are available on the flow characteristics of various re-

actors located throughout the country. Also included are results on reactor com-

ponents and some descriptions of the measuring techniques employed. In refer-

ence I static-pressure distributions were measured both inside and outside along

the length of the fuel assemblies of the Materials Testing Reactor (MTR) in an



effort to uncover the cause c_f certain fuel-assembly failures. _ne outer fuel
plates were found to have an excessive pressure difference across the lower por-
tion_ which tended to buckle the plates outward. The causes of the excessive
pressure difference were determined a_idthe corrections made. Reference 2 de-
scribes the preneutron hydra_Llic tests performed on the Engineering Test Reactor
(ETR) (water-cooled flat-plate fuel assemblies). Becausethe flows and pressure
distributions were not in ac_ord with the design_ further tests were co_ducted
on modified core components_the results are given in reference 5. In all the
ETRtests velocity probes and static-pressure tubes were used to measureveloc-
ities in the cooling chan_el<_. Reference _ gives the results of the hydraulic
tests on the Oak Ridge Research Reactor (ORR)(water-cooled slightly curved plate
fuel assemblies) in which an electrolytic method wa_ used to measurewater veloc-
ities. Even though the velocity data had considerable scatter_ the flow distri-
butions in the ORRwere i_L s lbstantial agreementwith the design criteria. In
reference 5 (pp. IS-19) the ,_PERTIll Reactor (water-cooled flat-plate assem-
blies) hydraulic tests are w_ry briefly discussed_ and it was observed that spa-
tial distribution of the coolant flow through the core an_ thermal shield regions
was relatively insensitive to wide ranges in the flow_ pressure_ or system tem-
perature. References 6 and 7 present studies of flow distribution through a
quarter-scale model of the Pressurized Water Reactor (PWR)(water-cooled rod
clusters). A very brief summaryof the results of the tests conducted on the
PWRis given in reference S.

The purpose of this report is to describe the techniques employed to measure
the hydraulic characteristics of the NASAPlum Broo][ Reactor and to sulmmarizethe
test results.

REACTORANDTESTINGEQUIPmeNT

Reactor_ Reactor Tank3 and Reactor Components

General arrangement. - A cutaway view of the NI_A Plum Brook Reactor (PBR)

showing the arrangement of the important equipment in and around the reactor tank

is presented in figure I-i. Figure I-2 shows the general arrangement of all the

components of the core and reflector regions. Figures l-2(a) and (b) are simpli-

fied somewhat to emphasize and identify the important coolant passages. Fig-

ure I-5 is a schematic plan view that gives the core and reflector region coordi-

nate system and identifies clearly the positions of the fuel assemblies_ control

rod_ and reflector pieces.

Fuel assemblies. The PBR fuel assembly (fig. I-_) is a modified version of

those used in the Materials Testing Reactor (MTR) at the National Reactor Testing

Station_ Arco_ Idaho. The four recesses on the outer surfaces of the upper-end

box are catches for the hanaling tools_ and they also serve as inlets for the

water flow around the outside of the assembly. The cutaway corners on the lower-

end box provide an access tc the semicylindrical outlets in the lower grid for

this same water. As will be discussed later_ the core test findings led to a

modification of the upper-end box.

Core reflector components. - The beryllium reflector components in the core

on the three sides of the active lattice are externally shaped very nearly like

the unmodified fuel assemblies shown in figure I-A. However_ each reflector has



a removable 2.0-inch-diameter beryllium cylinder (similar to the one shownin the
RD row of the 4 X S lattice in fig. I-2(b)), which is surrounded by a O.075-inch
annular cooling channel. These annuli are smooth and straight except for the
complex inlet and outlet passages.

Control rods. - In figure I-5 are shown the essential features of the fuel-

shim-safety rod. The beryllium safety rod differs in that a beryllium section

is used in place of the fuel section. The beryllium section has a 2-inch-inside-

diameter by O.075-inch-thick annular cooling channel, which has simple inlet and

outlet geometries. The beryllium cylinder is equipped with adapters for attach-

ment to the tie rod of the cadmium section and to the lower section. The two

7/16-inch-diameter holes at the top end of the beryllium, fuel, and lower sec-

tions were to serve as catches for the handling tools; however_ the core test

findings later dictated that these holes be permanently sealed.

Cooling passages among reactor components. - Because of their importance to

proper reactor cooling, attention is called to the set of cooling channels and

clearance spaces between the core components. This set forms an eggcratelike

labyrinth of interconnected channels; the most important are those that are lo-

cated between a fuel assembly and an adjacent control rod, reflector piece, or

another assembly. These labyrinth passages are shown in figure I-2.

Upper grid. - The upper grid serves two purposes: It centers the upper end

of the assemblies and core reflector pieces to prevent side-to-side motion_ and

it supports the control-rod guide frame_, which center the rods in position. The

grid was designed to fit tightly around the top of the core box; however, there

were five openings adjacent to the LA rods between the grid and side plate

(fig. I-2(b)), which also had to be permanently sealed as a consequence of the
core test results.

Lower grid. - The lower core grid supports the fuel assemblies 3 the core re-

flector pieces_ and the lower control-rod guide tubes. The semicylindrlcal holes

around the fuel assemblies and reflector pieces and the thin rectangular slots

around the rods are the outlets for the water flowing between the core compo-
nents.

Reflector lattice. - In the 4 X 8 reflector lattice all the pieces in a

given lettered row are identical (fig. I-3), which is not true for the numbered

rows because of the 9-inch-diameter cylinder (referred to as the horizontal

through hole), which passes through the lattice. The lower grid supporting the

lattice components also has openings that serve as coolant inlets to the spaces

between adjacent reflector pieces. The upper grid of the _ × 8 lattice is bolted

in position so that only the cylindrical centers of each reflector piece are

easily removable through the holes in the grid.

Flow-divider plate. - The flow-divider plate extends from the perimeter of

the core and reflector pedestal to the perimeter of the plate that supports the

upper thermal shields. Both the flow-divider and thermal-shields support plates

are bolted in position and are perforated with round holes. The divider plate

was specifically designed so the flow rate through the ¢ × 8 reflector lattice

could be adjusted to design values by merely changing the number of holes in it.
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The holes in the thermscl-shi _ids support plate supplied water for coolin_o the
shields.

General Flow Pattern

The general flow patter_ within the reactor tank is illustrated in fig-
ure I-G. For full-power operation the coolant water is supplied by two of the
three primary pumps. Whentl_e reactor is shut down_the afterheat is removedby
the water supplied by the shtltdown flow circuit. _e water entering the tank is
fed into the large plenum under the flow-divider plate around the core pedestal.
It then flows upward by way of several parallel paths through the (i) ¢ × 8 be-
ryllium reflector lattice, (2) holes in the thermal-shields support plate,
(3) holes in the divider plate, and (4) spaces at the joints where plates are
bolted into position. The upward flowing water is dispersed in the large water
volume above the core_ from which it then flows down,wardthrough the core into
the exit chamberbelow the pedestal.

The water entering the 4 × 8 lattice is divided at the lower grid into
streams that feed the annula_: cooling passages insice the reflector pieces and
the labyrinth of rectan_lar spaces between the pieces. It is quite obvious from
figure l-2(b) that the flow pattern in the lattice is complicated because of the
9-inch-diameter through hole in it. As the water movesout of the lattice
through the upper grid, it leaves as jets, which are dispersed in the large water
volume above.

The water entering the core comesfrom what is essentially a large quiescent
reservoir and; in doing so_ experiences a sharp contraction. The flow feeds into
the rods_ the fuel assemblies_ the reflector pieces, the labyrinth channels, and
the cooling holes in the core-box side plates. The cooling water for inside the
control rod enters the top of the cadmiumsection, which is usually more than
I foot above the core during reactor operation. (_ior to any modifications all
the water entering the rods did not pass through them because someof it leaked
out through 7/iG-inch han_in_-tool holes at the top of the beryllium, fuel, and
lower sections into the channels around the outside of the rods.) The rod water
finally discharges from the lower section into the core exit chamber. The water
flowing through the inside of the fuel assemblies and reflector pieces is sup-
plied through the square holes in the upper grid. ]3ecauseof the high flow rate
and the 90° corner on the grid hole the streams supplying the fuel assemblies
undergo an additional contraction as they pass throl_h the grid, thus creating
avena contracta inside the upper-end box of each a_sen_ly. The sameis probably
not true of the streams that pass through the grid holes above the reflector
pieces because of their relatively low flow rates. None of the coola_t flowing
inside the reflectors and unmodified fuel assemblie_ leaked out because there
were no openings along the length. _us, all the water in the assemblies and
reflector pieces flowed directly to the core exit chamber.

The labyrinth passages of the unmodified core received cooling water from
(i) openings between the underside of the upper grid and the top of the fuel
assemblies and reflector pieces, (2) five openings between the upper grid and the
core side plate along the L_ row (fig. l-2(b)), and (5) the handling holes in the
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control rods. One notewort1_vcharacteristic of these channels is that they are
interconnected with each other_ the clearance spaces between the side support
plates of the assemblies_ and similar spaces. Hence_water can move freely in
and out of the channels anywhere along the length depending on the local flow
resistance_ which is affected_ for example_ by variations in plate spacings. The
water flow in the labyrinth channels is discharged out of the openings in the
lower grid (fig. I-2(a)).

Flow Characteristics Measured

The hydraulic tests can be considered to be comprised of broadly five meas-
uring problems_ although the measurementswere not madein the order given:

(i) The distribution of the bulk flow amongthe fuel assemblies and the
fuel-shim-safety rods_ and the total flow through the entire core

(2) The velocity distribution amongfuel-plate cooling channels inside the
fuel assemblies and the fuel section of the shim-safety rod_ and the
annular spaces of the reflector pieces in the core and in the 4 X 8 re-
flector lattice

(3) The velocities in the labyrinth channels that cool the outer surface of
the end plates of the fuel assemblies - The flow around the outside of
the reflector pieces_ though important_ is not as critical as around
the assemblies and hence was not measured in this test

(6) Static-pressure distribution above and below the flow-divider plate and
throughout the core - The pressure difference across the divider plate
is the sameas that across the 6 X 8 reflector lattice_ the static
pressures throughout the core were important to the flow in the laby-
rinth of channels around the outside of the componentsand the struc-
tural integrity of the end fuel plates

(5) The transient flow rates in the fuel assemblies during the coast-down
period after the primary pumpsare shut off. Knowledgeof the tran-
sient flows is necessary for assessing the temperatures in the core and
reflector due to the fission product decay heat generated after the
reactory is shut down

Instrumentation

Twotechniques were considered for measuring the flows in the cooling chan-
nels of the assemblies and reflectors (items (2) and (3) of the preceding sec-
tion) - the conventional total-pressure and static-pressure probes and the salt-
solution methods. A total-pressure tube measuresthe static plus dynamic pres-
sures. Whenalined in a well-defined flow stream such as in a long pipe whose
cross-sectional dimensions are large comparedwith the tube diameter_ the tube



measures the total pressure at the point where it is located. If the static
pressure is knownat the ssmLelocation_ then the velocity can be calculated from
the measureddifference of the total and static pressures. Hence, the velocity
profile in the stream can be accurately measured_and from it the average veloc-
ity can be calculated.

For the hydraulic tests; in the PBR_the problem was to measure the average
velocity in a channel using only one fixed probe. 'Fnevalidity of this method
is based on the assumption that the velocity profile is well known at the duct
cross section where the probe is located. The fully developed velocity distri-
bution in rectangular and armular channels such as those in the FBRis well
known. Thus, the velocities measuredat any point can be related to the average
velocity over the cross section. Measuring the velocity at a point in a fuel-
plate channel is difficult because the probe diameter cannot be madenegligibly
small comparedwith the pl_e spacing and still have short response time. Hence_
a larger diameter tube must be used. Such a large probe no longer senses the
total pressure at a point, instead it senses someaverage value over the probe
opening. For example_ in the idealized case of fully developed turbulent flow in
a channel of infinitely wide parallel plates (aspect ratio = _), the ratio of the
average to maximumvelocity is 0.87 (ref. 9), where the maximumis at the mid-
plane between the two walls. If a probe with diameter of_ for example, 40 per-
cent of the distance between the plates were placed at the center_ the indicated
velocity would no longer be the maximumbut_ rather, a smaller value. The ratio
of the average to indicated velocities would therefore be somewhatgreater than
0.87. This ratio is also _'fected by the facts ths_ a fuel-plate channel has a
finite though large aspect ratio and that the probes maynot be alined in the
exact center. Hence_to use these probes with reasonable accuracy it was neces-
sary to ascertain the ratio of the true average to the indicated velocity.

The salt-solution technique employs two electrodes that are mounted in a
flow channel with one electrode spaced a knowndistance downstreamfrom the
other. These electrodes semsethe change in resistivity of the surrounding wa-
ter. A slug of salt soluti_)m such as potassium nitrate is injected into the mov-
ing water stream at a point upstream from the first electrode. As the solution
passes the first electrode_ a timer is started; when it passes the downstream
e!ectrode_ the timer stops. In theory the average velocity is the ratio of the
spacing between the electrodes to the measured time. The accuracy of this method
was found experimentally (in a laboratory lucite model of a fuel cooling channel)
to be dependent on the turbulence level_ the dilution of the salt-solution slug,
the manner in which the injection of the solution disturbed the flow pattern_ and
manyother factors. Becausetime did not permit developing this technique, it
could not be used with complete confidence. Hence_the method was incorporated
into the reflector annuli flow measurementsas a backup system to the total-
pressure probes for the shutdown flow conditions; ?cowever_it was never used.

INSTRUMENTEDCOMPONENTS

Instrumented Fuel Assemblies

Figure I-7 shows details of the total-pressure tubes and the static-pressure



probes that were employed to measurethe velocities amongthe cooling channels of
the fuel assemblies. The figure also indicates how the probes were mounted in
position at the outlet end of the fuel section. To reduce the response time,
O.090-inch-outside-diameter pressure leads were soldered to the probes at the
shortest distance from the probe tips as was practical. The pressure leads had
to be flattened because of space limitations and were fastened to the outside of
the end plates by an epoxy cementcontaining SOpercent powderedaluminum. The
leads were brought up into the handling-tool recesses and then allowed to extend
straight above the top of the assembly (fig. I-8). The stainless-steel pressure
leads ended approximately 9 inches above the core and were connected to !/8-inch-
inside-diameter thick-walled neoprene rubber tubing, which later in the test pro-
gramwas changed to a tough plastic tubing of thinner wall. The stainless-steel
pressure leads could have been mademuchlonger if it had not been for the manner
in which the upper-core grid was removed. This longer length would have been
desirable because the stainless-steel tube to rubber joints formed a bundle
approximately 2 inches in diameter, which could be a sizable flow obstruction if
it were too close to the grid. OnedunmV fuel assembly was equipped as shown in
figures I-7 and I-8.

For the velocity measurements in the laloyrinth channels outside the fuel

assemblies' end and side plates and for static-pressure measurements along the

length of the inside and outside, total-pressure tubes and static wall taps as

shown in figure I-9 were used. These were located at positions approximately

level with the top and bottom edges of the internal fuel plates (figs. 1-13 to
1-17). The pressure leads again were 0.090 inch in outer diameter and were led

through the inside of the assembly and then out the top of the upper-end box.

Several assemblies were employed during the tests that had one or more impact

tubes located at each level to reduce the testing time and to get more detailed
measurements.

Simulated Fuel Assemblies

The steady and transient coast-down flow rates through the inside of the

fuel assemblies were measured with a pair of simulated assemblies each containing

a special turbine flowmeter. The design, laboratory testing 3 and application of

these instruments are discussed in detail in part III.

Instrumented Fuel-Shim and Beryllium Rods

The flow characteristics of the fuel section of a fuel-shim rod were deter-

mined using both laboratory and core test results. The overall pressure loss of

a rod is a sum of the losses of the cadmium_ fuel_ and lower sections. The pres-

sure loss of the cadmium section is affected by the flow conditions at its inlet,

and for this reason the cadmium loss as measured in a laboratory test loop may

not be the same as in the core for a given flow rate. The turbulent mixing that

occurs as the water flows through the long complicated passage inside the cadmium

section removes the effect of the inlet conditions before the water arrives at

the fuel-section inlet. As a consequence, the pressure loss and the flow distri-

bution among the channels of a fuel section for a given bulk flow rate are the
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samewhether the rod is in a laboratory test loop or in the reactor. _lis fact
was used to good advantage Ln the core tests to simplify the measurementproblem.

The fuel section of one shim rod was instrumented with two wall static-
pressure taps inside_ one a short distance upstre_ and the other a short dis-
tance downstreamof the fuel section. The lead from the downstreamtap was flat-
tened and cementedto the outside of the fuel section and then brought inside at
the top. Then both leads were led through the inside of the cadmiumsection and
out the top where they were joined to strong plastic tubing ! foot beyond the
top. This fuel section alon_ with a cadmiumsection was calibrated for the pres-
sure loss against flow rate in a laboratory test loop (part IT). Thus, by meas-
uring the fuel-section pressure loss in the core, the bulk flow rate through the
fuel section is established from the calibration c_rrve.

A second fuel section of shim rod was tested in the laboratory for the ve-
locity and static-pressure distributions amongthe cooling channels (part II).
These distributions were measuredfor a wide range of bulk rates. Hence_once
the bulk rate was measuredwith the instrumented section described in the previ-
ous paragraph_ the velocity and static-pressure distributions were known.

A third fuel section of a fuel-shim rod was instrumented internally with
total-pressure tubes only in a mannersimilar to a fuel assembly (fig. I-7). The
severe space limitations would not permit installation of the static probes;
therefore, only a relative d_stribution of total pressures could be measured.
The stainless-steel pressure leads were cementedto the outside surface of the
fuel section and then led back inside at the joint between the cadmiumand fuel
sections. The leads were then encased in two 7/!6-inch-diameter tubes, which
were held in the cadmiumsection and brought out the top where they were joined
to strong plastic tubing i Foot beyond the inlet.

A static-pressure probe was mounted in a beryklium shim-safety rod a short
distance above the beryllium section to measurethe pressure at that point.

DummyReflector Components

The water velocities in the annuli of the reflector pieces were measured
with the total-pressure probe and wall static-pressure tap combination located
near the outlet end of the annuli. A wall static tap was also located upstream
so the frictional pressure loss could be measuredand comparedwith the value
calculated from the measuredvelocity. The total-pressure probes and wall taps
were mounted on stainless-steel dummycylinders th_ were identical to those of
beryllium. Onedummycylinder was needed for the core reflector pieces_ one for
the RA, RB_and RCrows_ and one for the RD row of the reflector lattice. Be-
cause the RA_RB, and RCrows had such irregular passages_ four total-pressure
probes were mounted 90° apart on a short cylindric_ plug that fitted all three
rows. In this way a meaningful average velocity could be measured. No static-
pressure losses could be measured in the RA_RB__id RC annuli. Also no velocity
or static-pressure measurementcould be madein the annuli below the horizontal
through hole or in the flat rectangular channels o1_side the 4 X 8 lattice pieces
because of the extreme complexity of the geometry.



Instrumentation on Flow-Divider Plate and Core Exit Chamber

Static-pressure taps were mounted on the flow-divider plate both on the top
and undersides at five locations_ four around its perimeter and one next to the
core. The taps were for measuring pressure distributions on the plate and the
pressure loss through the plate and the 4 × 8 lattice.

Onepermanent tap wasplaced in the flange of the core pedestal to measure
the static pressure of the core exit chamber. This latter tap and one of those
on the upper side of the flow-divider plate were used to measurethe pressure
loss across the core.

Pressure Measuring Instruments

The various pressure differences were measuredwith two different systems.
Onewas a combination of differential pressure gages for data to be recorded at
the higher flow rates. The other was a group of inverted manometers. The manom-
eter system was primarily for measuring the small pressure differences encoun-
tered at the shutdown flow rates. Both systems were mountedon a large portable
console_ and each could be operated independently of the other. The gages_ capa-
ble of operating at pressure levels up to 500 pounds per square inch gage, were
of several different ranges from 0-5 to 0-50 pounds per square inch with i or

2 percent of full scale as a least count. All the gages were new_ and their

calibrations were checked on deadweight testers. The manometers were 130 inches

tall with the smallest scale increment of 0. i inch. A nitrogen supply system was

used to maintain the water columns within readable range in the manometers during

the tests at shutdown flow conditions.

Instrumentation Leads

All the pressure leads exiting from the core and reflectors were of

stainless-steel tubing joined to neoprene rubber or tough plastic tubing at a

distance far enough from the top of the grid to prevent blockage of the flow. To

prevent breakage, the leads from each core and reflector component were wrapped

in a fairly tight bundle with black plastic electrical tape. The bundles were

lashed to 1/16-inch-diameter support cables whose lower ends were fastened to the

particular components in the core and the upper ends to a frame in the tank

hatch. The cables and attached bundles were held taut during the tests to pre-

vent excessive vibration and whipping. The leads from the control rods were held

taut by a special pulley and weight arrangement that permitted the rods to be

moved at any time without any slack in the pressure lead lines. The rubber and

plastic leads were then connected to I/_-inch copper tubes_ which led out of the

tank through blind flanges on a series of 3- to 6-inch pipes at the top of the

tank. The copper pressure leads were fastened to a bulkhead from which they were

brought to the portable console containing the pressure gage and water manometer

systems. Each pressure lead was teed with one branch going to each system. The

lines on the console were arranged with proper valving so the pressure difference

between almost any pair of pressure probes or taps could be measured on a gage of

suitable range. The pressure leads from the flow divider plate and the core exit
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chamberwere all 1/A-inch-outer-diameter stainless steel extending from the tap
locations out of the tank to the bulkhead. Oneimportant criterion met by all
the pressure leads coming out of the tank was that their diameter was suffi-
ciently large to give fast response at the pressure gages. Fast-responding in-
strumentation was important not only to the data accuracy but to the testing time
as well.

Flow Pattern Visualization Techniques

To visualize the flow patterns in the reactor tank_ underwater lights were
used for illumination. Sew>ral large-diameter flanged ports in the tank top were
fitted with quartz viewing windows. Pieces of white nylon cord 6 to i0 inches
long from an obsolete parachute were fastened in manyplaces in the tank on the
core, the pressure leads, the thermal shields, and so forth. Somemovies of the
flow pattern were recorded.

Laboratory Tests

The laboratory experiments conducted on the fuel-shim-safety rods, dumn_,
and simulated fuel assemblies were performed in a laboratory flow loop. The de-
tails are given in parts II and llI.

TESTINGPROCEDURE

To start any test run, the instrumented core snd reflector componentshad to
be installed in predetermined positions. Then the pressure lead lines and their
support cables were madet_it by fastening them at the tank hatch. The tank was
then sealed, filled with water, and pressurized_ and the flow was started. All
pressure lines were bled until no air was present. The manometerswere particu-
larly useful for visually checking for the presence of air in the lines. Once
the lines were clear, the system was ready for data recording. For the measure-
ments at high reactor flows where only the pressure gages were used for measuring
differences, data recording was merely a question of connecting the desired lines
to each side of a gage of the proper range by a valving system and reading the
indicated value. This was done for each pair of taps whosepressure difference
was wanted.

For shutdown flow measurements,only the manometersystem was capable of
measuring the small pressure differences. After the lines were clear of air and
with no flow in the system, the water levels in the manometertubes were allowed
to level out to someconstant value as a further check for the presence of air
bubbles in the lines. If all water columns were at the exact sameheight to
within 0.05 inch, the shutdownpumpswere started. Twenty to thirty minutes were
allowed for the water coltum_sto reach their equilibrium level. All the manom-
eter readings and other test data were recorded. The pumpswere then turned off,
and the manometerswere allowed to settle for a recheck on their zero level.

Transient flow measurementswith the simulated fuel assemblies were madeat
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the end of a run at full-flow condition. No shutdownpumpswere running. The
strip-chart recorders, which registered the outputs of the turbine meters_ were
turned on. Then the power to the two primary pumpswas turned off. The flow
rate against time characteristic was automatically traced on the strip charts.

DATAPROCESSING

The methods for processing the data were straightforward for all the meas-
urements. The methods used for the total- and static-pressure probes need to be
elaborated upon.

The velocity V indicated by a total-pressure tube in a large well-defined
flow stream is given by the formula (ref. i0)

(Pt- Ps)

where

p density of flowing stream

Pt total pressure sensed by velocity probe

Ps static pressure at same location

When a velocity probe is placed in a small passage such as a reflector annulus,

the velocity indicated by the probe is related to the true average value at that

cross section by some factor F. Hence, the formula becomes

Vav = F_ (Pt - Ps)

where F depends on the location of the probe in the cross section_ the ratio of

probe diameter to channel _all separation, the flow stream definition, and the

Reynolds number. For these flow tests the velocity probes were located very near
the midpoint between the walls of the rectangular channel inside a fuel section

or a reflector annulus. Some values for F were determined from the measure-

ments of the flow distribution among the channels inside the fuel assemblies made

in the laboratory tests prior to the core tests. For the rates expected at full-

power operation of the reactor_ an average F = 0.91 (channel Reynolds number

50,000) was measured and used until careful tests on a lucite model of a rec-

tangular channel resulted in a value F = 0.87 (discussed on p. 20). An experi-

mental value of F at reactor shutdown flow conditions could not be obtained be-

cause of certain equipment limitations. The Reynolds numbers for shutdown rates

in the cooling channels were in the transition range of 5000 to 9000. For lami-

nar flow in thin annuli and infinite parallel plate channels_ the value for F

is O. 66 (ref. 9). Hence, for these low flows a value F = O. 75 was chosen as a

reasonably good conservative estimate.

The friction pressure losses in the reflector annuli were calculated from
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the following standard equation for steady flow in long straight channels of con-
stant cross section (ref. i:[):

where

AP

f

L

De

De

static-pressure difference between two axial positions separated by a dis-
tance L

friction factor

distance

equivalent diameter d,_fined as the ratio of four times the cross-sectional
area to the wetted perimeter

p fluid density

Vav average velocity meamtredby probe

For smoothpassages the fo_aula (ref. ii)

f _ 0.046 for
Re0-2

was used where Re is the Reynolds number.

104 < Re < i05

The friction pressure loss calcu-
fated by the formula was comparedwith the measuredvalue.
flow through the annuli was computedfrom

The volume rate of

where

Q = AVav

Q volume rate

A cross-sectional area

These formulas were also used to estimate the flow through the long round cooling
holes in the core side plates on the assumption that the measuredcore pressure
loss was equal to the _P of the equation.

The flow rates through the turbine meters of the simulated fuel assemblies
were determined from the me<_suredfrequency output of the meters and the manu-
facturer*s calibration curw_ of flow against frequency. This calibration curve
was checked independently _t the Lewis Research Cemter.

The water rates through the holes of the flow-divider plate and thermal-
shield support plate were cmlculated by treating each hole as an orifice plate
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inside a pipe whosediameter was approximately equal to the spacing between hole
centers. The volume flow rate Qo through an orifice plate is related to the
measuredpressure difference fkPo across the plate by the expression (ref. i0)

% = AoVo = Aoc z aPo

- (%1-S)

where

V o

C

%1-S

average velocity tb_rough hole

discharge coefficient

ratio of orifice hole area Ao to pipe area Ap

When this equation is used to calculate the flow through a perforated plate,

Qo is the volume flow rate per hole and 2_Po is the pressure difference across

the plate. The ratio Ao/A p is approximated by the ratio of the total area of

the holes to the area of the solid plate. The quantity (Ao/Ao)2 for the flow-

divider plate in the PBR was usually very close to zero.

Calculations were made of the overall pressure loss for the entire reactor

and for a typical fuel assembly when in the core and in the laboratory test loop.

Although lengthy and detai!ed_ the calculations were straightforward. All flow

passages in the core and in an assembly were viewed whenever possible in terms of

the most common types such as sudden and gradual contracting and expanding pas-

sages, long straight channels of constant cross section, and so forth. The for-

mulas used for calculating the pressure losses of these various channels as a

function of flow rate are available in any good fluid mechanics handbook or text.

For this reason_ no details of the computational procedure are given here.

TEST RESULTS AND DISCUSSION

The hydraulic test results are_ for clarity, presented and discussed as five

separate parts: (!) the tests in the unmodified core, (2) the nature of a flow

deficiency uncovered in the core and its causes, (5) the modifications made to

eliminate the flow problem_ (4) the influence of the modifications on the core

flow characteristics, and (5) other important test results and comments. Each of

these phases will now be discussed in detail. The water temperature for all

tests was held between the limits of 65 ° and 95 ° F.

Results of Tests on Unmodified Core

Adjustment of flow-divider-plate pressure drop. - The first tests to be run

were for adjusting the flow-divider-plate pressure loss so adequate coolant
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flowed through the 6 X S rei_!ector cooling passages. The pressure distributions
on the top and bottom si@e :_f the plate were very _iform. One unexpected result

was that a large amount of _¢ater was leaking from the underside to the topside of

the metering plate. A seri_s of tests were made w_th the _ × 8 lattice sealed so

no water flowed through _t_ and the results verified the existence of the leakage

and the validity of the calm_ations for the flow through the round holes in the

plate. It is believed that the leakage occurred at the bolted joints of the di-

vider and thermal-shield pl_tes. As a result of the leakage_ the number of

l_-inch-diameter holes was reduced from an expected i00 or so to i0 holes i_ inch

in diameter. In spite of tile leakage the driving pressure difference available

across the lattice was suffLcient to provide the w_er rates needed to cool all

the lattice pieces.

Reflector lattice. -Tlle velocity distributions measured inside the annuli

of the _ × S reflector lattice were reasonably uniform considering the lack of

uniformity in geometry. For example, with a lattice pressure loss of 12.5 pounds

per square inch most velocities were in the range !6 to 20 feet per second. The

measured frictional loss in the annuli of row RD u_mally agreed with the calcu-

lated value based on the measured velocity to within 6 percent. The veloc-

ities measured by the four probes in the annuli of rows RA_ RB_ and RC deviated

less than ±2 feet per second at an average of about iS feet per second. Although

no measurements were made in the interconnected rectangular passage between the

pieces and the annuli of the RA_ RB_ and RC rows tmder the horizontal through

hole_ it was estimated that velocities there were comparable to those measured in

the annuli. The bulk flow _hrough the A X $ lattice could only be determined in

an approximate way during t!_e tests in which the lattice was sealed. The rate

agreed fairly well with the value calculated assuming all the lattice components

were like those in row RD. Thus_ the tests show that the flow characteristics of

the 6 X 6 lattice were quite satisfactory.

Reactor core and core components. - The flow characteristics of the core

were in excellent agreement with the design specifications except for the flow

deficiency found in the labyrinth channels. The b_k flow against pressure loss

for the core is given in figure I-i0_ where the data are compared with the curves

calculated for water temperatures of 50 °, 70°_ and 170 °. The bulk flow distribu-

tion among the fuel-assembly positions of the core as measured by the simulated

fuel assembly was unifo_a to within a maximum deviation of ±5 percent of the av-

erage at the design core flow of 15,500 gallons per minute. The maximum of

_65.6 gallons per minute occurred in LB-g_ while the minimum of 65S. 6 was meas-

ured in LD-2. The bulk rates through the unmodified rods were in the range of

380 to _00 gallons per minute. The transient measurements showed that the bulk

flow rate coasted to i0 percent of its full flow w_ue within 15 seconds after

the two primary pumps were turned off simultaneously (see part Ill).

The ve!ocity_ static-_ and total-pressure distributions among the fuel cool-

ing channels inside the fuel assemblies are shown in figures I-ii and 1-12.

These figures are representative of a large amount of data. The static- and

total-pressure distributions are relative values in that each was measured using

the probes in channel i as a reference. However_ for the velocity calculations

the difference between the total and static pressu:¢es in each channel was used.
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The nonuniformity of velocity and total-pressure distributions in somecore posi-
tions such as LB-2 is evident in figure I-if(a). These data indicate the asymme-
try of the flow stream entering the upper grid propagated into the cooling pas-
sages. The asymmetry is undoubtedly caused by the sharp turning of the water as
it enters the grid hole above the assembly in those positions. This condition
probably exists in all the positions of rows LA and LD but is not reflected in

the velocity distribution measurements because of the direction in which the

plates were alined relative to the incoming flow direction. The influence of the

control-rod extensions on the flow distributions was found to be minor as shown

in figure !-ll(b), which is representative of many similar measurements. The

distributions at shutdown flow conditions shown in figure 1-12(b) were uniform

and adequate in magnitude.

Figures I-ll and 1-12 (as well as figs. II-4, II-5, and II-7) show that the

static pressure near the exit of the fuel cooling channels was not constant from

channel to channel. The magnitude of this static-pressure variation was not gen-

era!ly negligible compared with magnitudes of the total minus static pressures.

As a consequence, it was necessary to employ both a total-pressure probe and a

static-pressure probe in each channel in order to measure the average flow in it

with reasonable accuracy.

The hydraulic characteristics of the fuel-shim rod were in accord with de-

sign specifications in spite of the fact that some water was leaving the interior

through the open handling-tool holes upstresm of the fuel section. The cali-

brated fuel section indicated that the bulk flow rate ranged from 380 to 400 gal-

lons per minute depending on which core lattice position the rod was situated and

how far the rod was extended into the core. The velocity ranged from a minimum

of 25 feet per second to a maximum of 30 feet per second. The distributions were

very similar to those shown in figure II-7 except that the magnitudes were

slightly lower. The total-pressure distributions measured in the core with the

fuel section containing only total-pressure probes and one static tap were simi-

lar to those measured in the laboratory. This latter fuel section was used to

check the validity of the argument that the cadmium section smoothed out entrance

flow effects. In one of several core tests with the fuel section, half of the

cadmium inlet was blocked. The resultant total-pressure distribution was unaf-

fected, although the magnitude was lower because of the choked inlet.

The static pressures inside and outside along the length of the assemblies

are shown in figure 1-13. These data were measured in the core after the modifi-

cations were made and will be discussed further in the report (p. 18).

The flow rates in the annuli of the core reflector pieces were adequate, and

the measured friction pressure losses agreed within 5 percent with the calculated

value based on the measured velocity. The flow distribution among the annu_!i of

the different pieces in the core was uniform to within a maximum deviation of

approximately !0 percent of the average of 35 gallons per minute. The control-

rod extensions had little influence on the flow in the annuli.

_le flow rate through the beryllium shim-safety rod was comparable to that

in the annuli of the core reflector pieces. Because the cross-sectional flow

areas inside the cadmium and lower sections were many times that of the annulus
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in the beryllium_ the measuredpressure loss through them was negligible. Hence_
the flow rate through the beryllium cooling annulus was easily calculated assum-
ing that the full core pres_ure difference was available for driving the water
through it.

Flow pattern in reactor tank. - The general flow pattern in the tank was

easily visible with the help of the nylon cords. When the reactor was designed_

there was some concern about how the water flowing up through the _ X 8 lattice

would influence the water fil_owdistribution into the core. The flow from the

tank into the core was like that of a very large container draining into a much

smaller opening. The regioll of strong flow extended 12 to 18 inches above the

core where the velocities o!i the contracting stream were the highest. Essen-

tially the stream entering the core behaved as though there were no flow out of

the lattice. The contracti_ig core stream could be seen breaking up the jets of

water issuing from the various reflector positions in the lattice. This was

visualized by injecting air bubbles into the coolant annuli via the pressure taps

in dummy instrumented cylin_ers. Those bubbles rising out of the rows closest to

the core were promptly swept into the core. In the region above the contracting

core stream the nylon cords indicated that the motion was largely turbulent mix-

ing.

Some tests were run with and without the large vertical test columns in po-

sition against the core. _le results showed that their presence did not influ-

ence any of the flow distributions in the assemblies or any other hydraulic char-

acteristics elsewhere in the core.

Core Flow Deficiency and its Causes

The only serious flow deficiency found while testing the core occurred in

the labyrinth cooling channels outside the end plates of the fuel assemblies.

Basically the anomaly can be summarized as follows: (!) The inlet velocities as

measured near the upper end of the fuel plates were in the range i5 to 22 feet

per second_ too far below t]_e minimum desired value of approximately 27 feet per

second, and (2) the outlet <elocities and static pressures at the lower end of

the fuel plates varied as tile rods were raised. These outlet velocities fluctu-

ated widely and in a random fashion about an average of approximately 30 feet per

second; whereas the static pressures always decreased by about 4 pounds per

square inch. The largest c]_anges occurred when the rods were raised G inches. It

was this flow problem that ]Lad to be eliminated to prevent restricting the power

level of the reactor. Many additional tests were run in an effort to uncover the

cause of the difficulty_ and the results are far tco numerous to include here.

Hence_ the following discus_:_on will be limited to the direct causes of the prob-

lem; the modifications needled to correct the flow_ the influence of these modi-

fications on the core charac_teristics_ and other pertinent observations.

A number of factors were found to contribute directly to flow starvation and

fluctuations in the velocities and static pressures. Excess water was pouring

into the labyrinth channels from inside the control rod through the handling-tool

holes in the beryllium; fuel_ and lower sections of the control rods causing a

pressure buildup in the cha_mels. This excess water from the rods also explained
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the cause of the velocity fluctuations and the static-pressure decrease at the
outlet end of the channels as the rods were raised. The pressure buildup contri-
buted in part to the starvation at the inlet end. In additionj the five openings
along the LA row between the upper grid and the core side plate were probably
feeding extra water into the labyrinth. Part of the water between the core-box
side plate and the reflectors flowed into the channels around the fuel assemblies
in an effort to equalize the pressures and thereby in part contribute to the low
velocities at the inlets. Extra water was also entering the labyrinth from
around the core reflector pieces because the pressures under the grid_ due to the
low flow into the grid holes above a reflector_ were considerably higher than at
fuel-assembly positions. Finally_ the flow resistance on the outside of the
upper-end boxes of the assemblies was found to be too high, and_ in addition_ the
inlet to the passages was in the low-pressure region of the contracted water
stream entering the inside of the upper-end box. Time did not permit testing for
the magnitude of the influence that each factor contributed; hence, changeswere
madeto ensure elimination of the problem.

Core Modifications and Design Changesfor

Eliminating Flow Anomaly

The following modifications were madeto the core:

(i) All holes in the control rods were sealed as were those openings ad-
jacent the LA row between the upper grid and the core side plate.

(2) Restrictions were placed in the upper grid holes above the core reflec-
tors. (Tests subsequent to this work showedthese to be unnecessary.)

(3) A 2-inch-diameter hole at A5° to the fuel-assembly centerline was bored
upward into each side of the upper-end boxes (fig. I-i_).

To provide additional pressure potential, the bulk flow through the primary
loop was raised from the design value of 15,500 to 17,700 gallons per minute.

Influence of Modifications on Flow Characteristics

The modifications to the core_ in addition to correcting the flow anomaly,
improved other flow characteristics without producing any adverse flow problems.
The openings in all the upper-end boxes in the core created a plenum of nearly
uniform pressure above the fuel plates. In one assembly the velocities measured
in only channels i and 17 were more nearly equal at manycore positions than
those measuredwith the unaltered end boxes. Hence_the plenum tends to promote
a more uniform flow distribution inside the assemblies. The static pressures
along the inside of the assembly (fig. 1-13) were unaffected by the presence of
the openings3 although figure 1-13 presents only the data on the modified core.
The agreement with the calculated pressure changes is good.

From figure 1-13 the importance of the openings is seen in the fact that the
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channels outside the assembkLeshave their inlet in the higher pressure region
just above the plates, whereas without the openings the inlets were in the low-
pressure region at the top of the assembly. Nowherealong the end plates were
the pressure differences from inside to outside of the plates excessive; thus_
the possibility of buc}gLin_ them was reduced. SeaLing the holes in the control
rods eliminated the fluctuations in the velocities and static pressures. Also_
the sealed rod holes and the sealed openings between the upper _rid and core box
undoubtedly reduced the pressure buildup in the labyrinth passages and flow star-
vation in them. The increased total core flow rate increased the velocities in
the starved channels as well as in s_ll other passages of the core. No measure-
ments were madewith the simulated fuel assemblies in the modified core. How-
ever_ because the velocities and static pressure inside the fuel channels were
not adversely affected by the modifications_ it appears certain that bulk flow
distribution amongthe asseiblies was not altered significantly.

Additional Results and Discussion of Flow in Labyrinth Channels

A large numberof velocities were measured in the labyrinth channels
throughout the modified cole, and these are shownLn figures Y-IS to 1-17. Also

included are the data that were questionable for reasons noted on the figures.

The significant thing to ncte is that the velocities at the inlet were usually

lower than those at the outlet. The reasons for this are given as follows.

The flow characteristics of interconnected channels of different cross-

sectional area having the same inlet and outlet plenum chambers are not the same

as when the same channels sre isolated. Proof of this is given in reference 12

(pp. ii and 12). Two thin rectangular channels S inches wide by 0.071 and 0. IS5

inch and $8 inches long were separated by a 1/S-inch plate and were tested for

static pressures alon_ the length under two conditLons. In one test the channels

were not connected, and in the other test two rows of 0.026-inch-wide slots were

cut lengthwise in the separating plate. The inlet and outlet of each were open

to common plenum chambers. In the test with isolated passages the narrow channel

had a higher static pressure everywhere alono_ the length than the wider one.

When the passages were interconnected, the pressure was only slightly higher in

the narrow channel. Also_ the overall pressure difference needed to push a given

rate through the interconnected channels was higher than if the channels were

isolated from each other. The total flow rates in the two tests were identical.

A study of the results shows that the velocity in each channel was not constant

along the length; rather, _he narrow channel was p_aping water into the wider

one. Hence_ the outlet velocity in the larger chaanel was greater than at the

inlet. All the curved cooling channels and the flat clearance spaces of the egg-

crate labyrinth of the cor( do not have the same nnminal spacing. For exm_ple_

the spacing between the outer surface of the end plate of two adjacent assemblies

is nominally O. 115 inch, w? ereas clearance space between the side plates of two

assemblies is nominally O. 075 inch. Hence, it can be concluded that higher ve-

locities at the outlet of the cooling channels occur because each channel is not

isolated from the surrounding ones. The bulk of data taken in the modified core

tests tends to support this conclusion.

Other factors influenced the velocities in the labyrinth channels. The

spacing between the end plates of two adjacent assemblies varied considerably
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about the nominal value. A large numberof measurementswere madealong the out-
er surface of the end plates of each dummyassembly using a jig and micrometer,
and these measurementspermitted the calculation of the local plate spacing be-
tween any two assemblies. A typical set is shownin table I-I. The large local
spacing variations tend to produce local pressure differences that tend to even
out by inducing crossflows. Such local pressure gradients did exist and were
easily measured. Local pressure gradients amongthe labyrinth passages are also
induced by complex inlet and outlet geometries and the asymmetryof the core ge-
ometry. For example, the flow resistance through the lower grid was not uniform
and could have propagated upstream to influence the flow distribution. The rivet
indentations on the cadmiumsections of the rods present an additional drag on
the flow_ but the effect was not measured. Thus_ it is seen that hydraulic char-
acteristics are influenced by many factors and that detailed measurementsare
necessary to assess these characteristics.

At one time during the tests, before the causes of the flow deficiency were
found_ the inner diameters of the lower-end boxes on the fuel assemblies were re-
duced in an attempt to eliminate the starvation in the labyrinth channels by in-
creasing the core pressure drop. Decreasing the inner diameters caused the pres-
sure on the inside of the lower-end box to rise to over i0 pounds per square inch
above the pressure on the outside of the end plates at the lower end. With this
condition it was thought that the higher velocities at the outlet of the laby-
rinth channels were causedby an outward deflection of the end plates. A bench
test was set up in which an assembly was pressurized internally, and the end-
plate deflections were measured. The results of the bench test, presented in
figure 1-18, showthat the deflections are small except at large pressure differ-
ences across the plate. According to reference i, pressure differences of
ii pounds per square inch across the end plates of MTRfuel assemblies caused the
concave plate to buckle. To eliminate the danger of buckling the plates_ the
area inside the lower-end box of the MTRassemblies was increased to reduce the
end-plate pressure difference. The PBRcore test results confirmed the MTRfind-
ings, and the inner diameter of the lower-end boxes of the PBRassemblies was re-
tained as originally designed.

Accurate measurementof the minimumaverage velocities in the labyrinth
channels was a difficult task because the velocity distributions at the cross
sections are not well knownfor the reasons mentioned previously. Someuncer-
tainties existed because the channel spacings at the probe locations were so
widely variant and because the flow maynot have been in line with the probes.
Hence, the ratio of the average to indicated velocities was somewhatin doubt be-
cause the probe was probably not at the center plane between the channel walls
most of the time. A careful laboratory test of a single velocity probe inside a
well-defined rectangular channel 0.115 by 2.62 by 30 inches showedthat the ratio
of average to indicated velocities was minimum, 0.87, at the channel center and
increased to a value near 1.00 whenthe probes were against the wall. Hence, all
the velocities shownin the figures I-ll_ 1-12_ and 1-15 to 1-17 were calculated
using F = 0.87 instead of F = 0.91. The influence of probe misalinement was
also checked and found to be nil except for misalinements beyond 20°. A yawed
probe will always indicate a lower velocity than one directed into the stream.
Thus, by using the assumption that the probes in the labyrinth channels were
always centered and alined, the average velocities calculated from the probe
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readings tended to be conservative.

CONCLUSIONS

The hydraulic characteristics of the NASAPlum Brook Reactor were measured
in detail with instrumental;ion developed for this purpose. Total- and static-
pressure probes were used I;o measurevelocities in the cooling channels inside
and outside the fuel assemblies_ fuel section of the fuel-shim-safety rods_ and
beryllium reflector pieces. A pair of special simulated assemblies_ each of
which contained a turbine ?!owmeter, were developed and employedto measure the
bulk rate through the insi4e of each assembly position of the core at steady
flow and during the transient period of coast down. Static-pressure wall taps
and probes were also installed to measure the static-pressure distribution in the
active core and other componentsof the reactor tank. Commercial pressure dif-
ference gages and inverted glass manometertubes were used to measure the many
pressure differences. Somevisual observations were madeof the flow patterns in
the water volume above the core with the help of zy!on cords and underwater
lights. Most of the tests were run at expected fu_l power or shutdown flows in
the temperature range from G5° to 93° F.

The performance of the instrumentation was most satisfactory. The velocity
probes measuredthe true flow through the well-defined passages such as those in-
side the assemblies and reflector annuli to withi_ ±2.5 percent. In the channels
where the flow profiles were not very well known, the probes were valuable be-
cause they indicated velocities that were conservative. The static-pressure taps
and total-pressure probes likewise gave accurate data. The simulated assemblies
measuredthe true bulk flow through them to within i percent both for the steady
and transient coast-down flow conditions. The reliability and accuracy of the
simulated assemblies and tl_e velocity and static-pressure probes make them suit-
able for use in hydraulic testing in other nuclear reactors_ particularly those
with plate-type assemblies.

The hydraulic characteristics of the NASAPlum Brook Reactor were in satis-
factory agreementwith the design specifications except for an unexpected flow
deficiency in the eggcratelike labyrinth of interconnected passages between the
core components. By somerelatively simple modifications the flow anomaly was
corrected. The velocity distributions amongthe important cooling channels of
the core were reasonably uniform. The static pressures were favorably distri-
buted so as to eliminate the danger of collapsing any fuel assemblies due to the
hydraulic forces. The motion or position of the control rods had very little in-
fluence on the flow and pressure characteristics. Inside the cooling channels of
the labyrinth the flow patterns were not the sameas they would be if the chan-
nels were not connected; hence, the rate through s_ch channels cannot be easily
calculated. The modifications to the core in addition to correcting the flow
problem did not produce any adverse effects; rather, someimprovements resulted.
Thus_ the hydraulics of the modified NASAPlum Brook Reactor satisfy all of the
flow requirements for full-power and shutdown operations.
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•136
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•106
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, ,:q n:,: -:2
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Figure I-i. - cutaway perspective reactor tank assembly.
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II - A LfBORATORY STUDY OF FUEL-ASSFA_BLY AND

FUE1-SHIM-ROD FLOW CHARACTE_STICS

SUMMARY

A laboratory test stal d capable of housing a fuel assembly or a fuel-shim

rod was used to study their flow cha_¢acteristics a_d to develop and test instru-

mentation to be used in th_ reactor ilow tests. Two removable rakes_ one with

total-pressure tubes and o_e with static-pressure probes, were successfully

applied to measure the velocity distribution amons the fuel cooling channels in-

side the fuel section of a shim rod and a ntu_iber of dm_ny fuel assemblies. _ese

results led to the installation and testin_ of pem_anent rakes inside a fuel

assembly for use in the core flow tests.

At close to design flow rates expected for full-power operation, the average

velocities in the center clJannels of the fuel asse'folies were higher by approxi-

mately 14 percent than the lowest values_ which occurred in the outermost chan-

nels adjacent to the end f_Ic_ plates. The measured overall pressure _oss against

the flow rate through the _uel assemLlies agreed very well with the calculated

design values.

Because the long cadmium section smoothed any flow entrance effects before

the water arrived at the fl_cl-section inlet, the fuel-section flow aharacteris-

tics measared in the laboratory also applied when the rod was in the core. _nis

simplified the tests witi_i_ the core. The velocity distributions measured inside

the fuel section of the shim rod with special rakes were sufficieutly uniform to

satisfy the design speci_i(:ations. The pressure loss from inlet to outlet of the

shim-rod fuel section was (talibrated against the flow rate through it for use in

the core flow tests. In t_is way the bulk flow rate through the inside of the

rod could be accurately de_ermined when the rod is in the core by measurinc the

fuel-section pressure loss. _ms_ the laboratory tests were a very useful part

in the overall core flow t{st program.

INTRODUC TION

_ indispensible part of any nuclear-reactor flow testing program is a lab-

oratory study of the important reactor components such as the fuel assemblies and

shim rods. Much informati(,n about the flow properties of these components and

the instrumentation can be acquired that is very useful to the core tests. For

ex_mple_ the laboratory da_a are valuable as a basis for comparin!_ the results of

the reactor tests. Also_ _ILese tests provide the opportunity for developing and

testin_ the instrumentatLo_, prior to its use in the core, which avoids difficul-

ties and costly delays. 0_ten a forekmuowledge of a flow discrepancy in the core

is obtained from the laborator_y studies. Thus, the experience gained from the

laboratory experiments can contribute si{_nificant]y to the success of the flow

tests in the reactor.

Curved-plate fuel ass_!ies are one of the _ore common types used in
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nuclear reactors_ and_ as a consequence, information is available on their flow
properties and the instrumentation used to measurethe properties. A single-
assembly flow loop is used in reference i to measurethe overall pressure loss
against flow-rate characteristics and the velocity distribution amongfive of the
19 fuel cooling passages of the 0RRfeel assemblies. The 0RRfuel assemblies are
a curved-plate type very similar in construction to the PBRassemblies.
Stainless-steel probes 0.080 inch in outer diameter were used to measurethe to-
tal and static pressures in the fuel cooling channels. The velocities in the
central channels were found to be about 17 percent higher than those in the chan-
nels that cool the inner surface of the end fuel plates.

Reference 2 reports the velocity distributions among the cooling channels of

a typical curved-plate MTRfuel assembly where the velocities were calculated

from the measured friction pressure loss in each channel. These tests were con-

ducted in a single-assembly laboratory flow loop. The velocities were found to

be about 14 percent higher in the central channels than those next to the end

plates. Also discussed are some preliminary results on the use of pitot and

static tubes for measuring velocities in the fuel cooling channels but later

(ref. 3) discards this method in favor of the former. In reference 4 (p. 18),

similar results are given for velocity distribution tests on the flat plate

SPERT !Ii type-C fuel assembly_ where the center channels had the higher veloc-

ities. The velocities in the flat plate SPERT IV type-D assemblies were fairly

uniform except for the channels adjacent the end plates (ref. 5, p. 18). The ETR

flat-plate-type fuel assemblies were studied extensively (ref. 6) in flow loops

that could house one or more assemblies. The purpose of the tests was to improve

the flow and pressure distributions inside the assemblies so they could operate

at design flow without buckling. Two methods were used to measure velocities in

the fuel cooling channels: (i) the friction loss technique mentioned previously,

and (2) a velocity and static-probe technique, which was invalidly applied. All

these reports and others not referenced illustrate the value of laboratory test-

ing each new type of fuel assembly and shim-fuel rod. Except for reference i_

there are no reports on the use of a pitot-type velocity probe inside fuel assem-

blies. The purpose of part IX is to present details on the methods that were

developed to measure individually the flow characteristics of two dummy shim-

fuel-safety rods and a group of dummy fuel assemblies and to give some of the

laboratory test results.

DESCRIPTION OF APPARATUS

The main test section housing and inlet calming chamber of the laboratory

flow loop are shown in figure II-l. Water from a lO,O00-gallon open pool was

drawn into a 30-horsepower centrifugal pump having a maximum capacity of

500 gallons per minute and was discharged through a globe-type throttling flow

control valve. The water then passed through a horizontal run of pipe containing

a venturi meter in series with a turbine flowmeter, through a vertical length

followed by a horizontal length to the top of the test section calming chamber.

The screens and perforated pipe served to disperse the stream entering the 6-inch

calming chamber. The chamber was made sufficiently long to accommodate a control

rod. In an attempt to duplicate conditions in the core, the inlet to the fuel-

assembly housing was fitted with three removable pieces: one simulating the



upper grid and two simulating the portions of the control-rod guide frames that
hang over the grid hole above the assembly. A bellmouth entrance piece to the
grid was also used to asse_s the influence of the flow profile entering the grid
on the flow characteristic_ of the fuel assemblies. No provisions were madeto
permit water flow around t_e outside of the assembly on the control rod. Hence_
the pressure in the spaces between the assembly a_ the housing was approximately
equal to that at the top ol the assembly. The calming ch_uber was fitted with
meansfor bringing out pressure leads of the instrument assemblies and the rod
that were to be used in th__ core.

The only instrument_tJcn on the test sectio_ was the static-pressure taps
show_i_ figure II-i. _medifference between the static pressure measurementmade
by the tap on the calming _'hamber6 inches above the housing flan_e and the atmos-
pheric pressure was used a: the overall pressure loss through the fuel assemblies.

The typical dummyrue} assemblies and two fuel-shim-safety rods with a dummy
fuel section that were tested are shownin figures I-6 and l-S. Six assemblies
were built with removable _nlet diffuser and outlet convergent sections that were
fastened to the fuel secti_n with screws. A special lower section wasused to
permit installation of the fuel-shim-safety rods into the testing stand. Also
tested was the instrumented assembly to be used in the core (fi_s. I-7 and I-_)
amdthe simulated fuel ass_mblies (part III).

The velocity distribu%ions amongthe cooling channels of the fuel section of
the assemblies and of one rod were measuredwith total- and static-pressure
probes of the removable and built-in types. The theory underlyin{s their use is
presented in part I. Tworemovable rakes, one containing total-pressure probes
and the other static-pressure probes, were constructed to fit inside the outlet
convergent section of the assemblies indicated in figure II-2. A similar set of
removable rakes (not shown) was fabricated to fit in the lower adaptor section of
the rod. 0nly one removab3erake at a time could be used in the assemblies be-
cause of space limitations_ whereas_ both removable rakes were installed in the
rod. Hence_ to measure th(: velocities in fuel assemblies with the removable
rai-es, a run had to be mad<,with each rake at identical bulk flow rates. _is
was not necessary in some_ns usin_ built-in probes. In the removable rakes the
probe pressure leads were connected to larger diameter tubing do_stream of the
housing outlet. The overall fuel-assembly pressure losses, the total and static
pressures of the velocitie_' measurements, and the venturi water pressure differ-
ence were measuredon a sy_tem of glass manometershaving water on mercury as the
working fluids. The manom_tertubes were i00 inches long, and the scales were
readable to 0. i inch. Eacl_pressure tap or probe was connected to a manometer
tube with a length of plas_.ic tubing having at least a S/S2-inch inside diameter.

The bulk flow rates t}LrOUghthe loop were measuredwith the venturi and the
turbine meter. Each instmmzent measured the flow to within i percent. The out-
put of the turbine meter m_sread out on a pulse rate counter and a strip-chart
recorder.

TESTPROCEDURE

Each test was started by readyini_ the componentto be tested. For measure-
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merits of the velocity and static-pressure distribution amongthe plate cooling
channels of the assemblies and the rod, one of the removable probe rakes was
mounted in position prior to installation of the componentin the housing. For
overall pressure loss data, the assemblies and the rod did not require any spe-
cial preparations prior to placing them in the loop. All the pressure leads from
the assembly or rod being tested were then connected to the manometertubes.
A/'ter all instrumentation had been readied, the flow was started and set at the
maximumvalue near 500 gallons per minute. The air bubbles were then bled from
all the pressure lead lines. All the test data were recorded after the mercury-
water iuterface in the manometersand the flow rate had reached constant values.
The bulk flow rate through the loop was then reduced, and the data were recorded
after all conditions _zain reached equilibrium. This procedure was repeated un-
til all the desired measurementshad been made.

Various test co_ditions were investigated in addition to the range of flow
rates. The inlet to the simulated upper grid piece was fitted, in different
tests_ with either the bellmouth or simulated control-rod guide overhangs, or
neither, to assess their influence on the flow characteristics of the fuel assem-
blies. The tests were conducted at water temperatures in the range of $5° to
70 ° F.

DATA PROCESSING

As in part I, most of the data processing was straightforward except for the

velocities measured with the probes. _e method used to assess the average ve-

locity in a channel from the indicated probe readings is discussed in part I.

RESULTS AND DISCUSSION

Many tests were performed on the fuel assemblies, most of which were to per-

fect the instrumentation and experimental techniques. Figures II-3, 11-4, and

1!-5 show representative results of the most consistent fuel-assembly data com-

piled. _ne spread in the pressure loss data for all assemblies tested having the

simulated grid piece attached to the inlet was less than the 2.6 percent at the

maximum flow rate of about SO0 gallons per minute. The presence of the simulated

rod _uide overhangs resulted in a 2. S-pound-per-s_uare-inch increase in the over-

all pressure loss at SO0 gallons per minute. These results suggested that per-

haps the flow through those assemblies in the core that are situated between two

control rods would be lower than that through assemblies with no overhanging

_uide. As mentioned in part I, the guides did not appear to influence the flow

through the assemblies between rods. _'_e static pressures measured inside the

square hole of the grid indicated the presence of a flow separation due to the

square corner at the leadin@ edge of the hole. As the flow contracted from the

<<-inch calming chamber into the square-edge grid hole, the main flow stream ap-

parently separated from the hole wall such that the mainstream underwent an addi-

tional contraction inside the hole. _e bellmouth entrance on the grid reduced

the mainstream flow separation in the zrid and_ as a consequence, resulted in a

lower overall pressure loss of i pound per square inch at SO0 6allons per minute.

The velocity_ static-pressure, and total-pressure distributions among the
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fuel-plate coolin'_ channol_ of four different fuel assemblies are sho_n_in fig-
ures li-i: and II-S. As _o_ed in the fi<<ures_ each data set was measuredby dif-
ferent combinations of remc.vableand built-in probes. It is noteworthy that_
although the total-pressure distrilultions were fairly uniform_ the velocities
were not unifor_ because tl e static i_ressure was nnt constant from channel to
channel. Hence_ it is s_ownthat both total- and static-pressure probes are
needed to measure the flow velocity in the fuel passages with reasonable accu-
racy. In all the assemblics the velocities were usually highest in the centrally
located channels and lowesl in those adjacent to the inside of the end fuel
plates. The spread in the velocity data was a maximtunof about 14 percent, which
was sufficiently unifomu tc satisfy design require uents. W1_enthese data are
comparedwith those measuredin the core (fLss. I-ii and l-it), it is evident
that the flow pattern at t} e upper 6_rid inlet has someinfluence on the velocity
distributions in the fuel-_ssembly channels. Hence_the laborato_y test data on
fuel assemblies do not represent exactly the situation in the reactor core; thus,
detailed measurementsin tl,e core are necessa_/.

Figure li-_(a) illustrates the importance of the relation between the veloc-
ity indicated by the prooe_:and the true average velocity in the channel (see
also part I_ p. tO). Beca_sethe differe!ice between the true and indicated ve-
locities is not ne_ligible: the relation between these two velocities for partic-
ular probes should be dete_:_ined to assure reasonable precision in the measured
data.

The flow characterist cs of the two fuel-shim-safety rods measured in the
loop are given in figures ll-_ and 1i-7. As with the fuel assemblies_ no water
flowed around the outside cf the rod_ and the handlinz-tool holes were sealed.
The velocity_ total-, and _,tatic-pressure distributions sho_u in figure 1i-7 are
for the samebulk flow thrc_ugh the rod as measured in the modified core at 17_700
gallons per minute; althou!ih distributions were measuredat other rates_ they are
not given here. _e veloc ties are reasonably unifol_m except in those passages
adjacent to the tie plate a_d the end plates_ where the passages have a smaller
spacinc. Even thou,_h only one rod section was tested, it is reasonable to as-
sume, based on fuel-assemb:y data_ that other shim-rod fuel sections would dis-
play similar velocity distributions. The samecan be said for the fuel-section
pressure loss.

As pointed out in part I (p. o)_ the fuel-section flow characteristics as
measuredin the laboratory held true whenthe rods were in the core because the
lon q upstream cad_iumsect on isolates the fuel section from the entrance flow
conditions. Only the fuel--section pressure loss reeded to be measured in the
core to establish all the _ther flow properties usin6 the laboratory test data.
Thus_ laboratory tests were,very useful in the dete_ination of flow characteris-
tics that would have been _emj difficult to measure in the core_ especially the
velocity and static-_ressu-'e distri_tious.

The laboratory tests also proved iuvaluab!e in developin_ the instr_tenta-
tion for use in the core flow tests. The total- snd static-pressure probes were
found to give a reasonably accurate i_dication of the average velocities inside
the fuel cooling channels. As disc_ised in part I_ the true velocities were
measurable to within _2.5 ]_ercent. T_e data reproducibility was chechedby
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inserting the rakes, in successive runs, such that each channel had a different
probe in it. This was accomp!ishedby merely rotating the rake 180° about the
shank axis. The response of the rakes to changes in flow rate was improved by
avoiding long lengths of small-diameter tubing. Probes having a 0.050-inch out-
side diameter were led into lead lines of 0.090-inch-diameter tubes within
12 inches, which thus reduced the response time to several seconds. The largest
cause of increased response time was the volumetric displacement of the manometer
fluids. On pressure-difference gages, steady readings were available within
2 seconds after a change in flow. These results led to the instrumentation actu-
ally used for the core tests.

CONCLUSIONS

Experiments were set up to measurethe flow characteristics of the dummy
fuel assemblies and fuel-shim-safety rods and to develop the instrumentation for
use in the core. The velocities were found to be higher in the central channels
of an assembly than those inside the end fuel plates, with the maximumspread
between the highest and lowest velocity approximately !4 percent (from 27 to
32 ft/sec) at design flow rates of 30 feet per second. The static pressures a
short distance upstream of the channel exits were not usually uniform and in
someinstances varied as high as 2 poundsper square inch. Inside the fuel sec-
tion of the shim-safety rod_ the flows in the narrow channels adjacent to the end
plates and the tie bar were about 15 percent lower than the maximum,and the more
centrally situated channels were rather uniformily supplied.

The overall pressure losses through the assemblies agreed with the calcu-
lated values to within 2.5 percent. Adding the simulated control-rod guide over-
hangs to the simulated upper grid increased the overall pressure loss_ whereas
the bellmouth decreased it.

The fuel section of a shim rod was calibrated for its pressure loss against
the bulk flow rate through it. This fuel section and its calibration curve were
used to determine the rate through the rod in the core tests by measuring only
the pressure loss. Knowing the bulk flow then permitted the determination of the
flow rate in each cooling channel of the fuel section because these rates were
known for a wide range of bulk flows.

The overall performance and accuracy of the total- and static-pressure
probes in these tests led to their use in the core tests. Thus_ these laboratory
studies proved to be a valuable portion of the overall hydraulic test program be-
cause the knowledgeand experience acquired resulted in a better core testing
program than could have set up without the laboratory studies.
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III - AN INSTRUMENT FOR ACCURATELY MEASURING STEADY

AND TRANSIENT BULK FLOW RATES THROUGH

FUEL ASSEMBLIES IN TEE CORE

SUMMARY

A pair of simulated fuel assemblies were developed specifically to measure

the steady-state bulk flow distributions among the fuel-assembly positions of the

core and the transient flow rates through the assemblies during the coast-down

period after the main pump_ were shut off. Each unit contained a turbine-type

flowmeter and was designed to have the same overall pressure loss as the regular

fuel assemblies. After the units were built_ their pressure loss characteristics

were checked and matched exactly to those of the dummy fuel assemblies in a lab-

oratory flow loop (described in part II). Then the simulated assemblies were

successfully used in the core tests (part I) where each assembly measured the

true flow rate to within 1-percent accuracy. The flow distribution among the

fueled regions of the core was uniform to within ±5 percent maximum deviation

from the average rate of _out ¢80 gallons per minute. These results agreed well

with those measured by a dt_m_y assembly containing velocity probes in each chan-

nel. Measurements of the _'low rates during the coast down in the core showed

that the flow rate coasted to i0 percent of the normal operating value in approx-

imately 15 seconds after the primary pumps were shut off.

The performance of the simulated assemblies im the tests conducted in the

laboratory and particularly in the core was excellent. Very little difficulty

due to malfunctioning or breakage was encountered. Because these instruments

proved to be so accurate and reliable_ they can be, with appropriate modifica-

tion_ employed in other reactors.

INTRODUCTION

There are two flow characteristics of any nuclear reactor that are important

to the proper cooling of the reactor: the flow distribution among the fuel as-

semblies in the core, and the transient flows inside the assemblies during the

coast-down period after an accidental pump failure. During normal steady-state

operations the flow distributions are necessary for calculating the heat-transfer

characteristics and temperatures throughout the core. When a pump failure

occurs_ the reactor is shut down simultaneously to prevent it from overheating

during the flow coast-down period because of the lack of proper cooling. Al-

though the reactor is shut down_ it continues to generate a sizable afterheat,

caused by fission product decay, which decreases rapidly with time to a low

value. If the flow coast-down rate is too rapid_ the reactor can overheat and be

damaged. For this reason _t is very important to know accurately how rapidly the

primary flow rate decreases after the pumps stop running.

A search through the unclassified literature :revealed that several methods

were used to measure steads-state flow distribution in r@actor cores. On a
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quarter-scale model (ref. I) of the PWR,the flow resistance of the fuel assem-
blies was simulated with orifice plates. Considerable difficulty was encountered
in the application of the orifice plates before they were successfully used. On
the PWRitself modified venturies and flow nozzles were mountedunder each fuel
assembly (ref. 2); however_ no useful details were given regarding the design and
operational experience. _e flow distributions in the SFERTIll core (ref. 3)
were measuredby a turbine meter that was mountedin series with a fuel assembly
and also by a pitot tube inside the assembly. The disadvantage of this arrange-
ment was that the flow resistance of the assembly was increased_ which permitted
only relative flow distribution measurementamongthe fuel-assembly positions of
the core. Another difficulty was that in the SPERTIII hydraulic tests the pitot
tube measurementsdid not agree with those of the turbine meter. A study of
these reports and manyothers shows that a satisfactory method for rapidly and
accurately measuring the bulk flow distribution in the fuel region of the core
has not been developed. A!so_ there seemsto be no readily available information
on techniques for making a reasonably precise determination of the important
transient flow characteristics of the fuel assemblies. The purpose of part Ill
is to provide a description of two identical simu!ated fuel assemblies that were
very successfully used to measurethe bulk flow-rate distribution and transient
flow rates during the coast-down period of the fueled region of the PBR. Also
included are an outline of the design method and the results of the laboratory
and core tests.

DESCRIPTIONOFAPPARATUS

Several factors influenced the choice of the method for measuring the steady
and transient flows through the fuel-assembly positions of the reactor core. One
important requirement was that the instrument measurethe sameflow rate through
a given position as flows through a typical fuel assembly in the samecore loca-
tion. This ruled out placing a flow-measuring device in series with a fuel as-
sembly because the additional flow resistance would decrease the water rate
through the assembly-meter combination. Hence_a simulated fuel assembly was
conceived that would contain a meter and have the sameoverall flow resistance
as a typical fuel assembly. Other requirements were that the flowmeter be capa-
ble of rapid response to changing flow rates for use in the transient flow meas-
urements and have reasonably good accuracy. Also, the space limitation required
that the meter be unaffected by short entrance and exit lengths. All these con-
siderations led to the idea of placing a turbine flowmeter in a housins whose
external shape was identical to the fuel assemblies (ref. %).

The next problem was to incorporate the turbine meter in a fuel-assembly-
like housing such that the overall pressure loss was the sameas that of the
actual fuel assemblies. A specially fabricated turbine meter was placed in the
region normally occupied by the fuel plates, and the upper- and lower-end boxes
were left unchanged. Hence_the design problem reduced to one of building a
simulated fuel-plate region that contained the turbine flowmeter and whosepres-
sure loss was identical to that fuel-plate array of a regular assembly.

The flow resistance of the turbine meter was muchless than the friction
loss of the rectangular channels, which necessitated that an additional flow
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resistance be placed in series with the meter. A cluster of parallel tubes was
chosen in order to duplicat,_ as nearly as possible someof the fluid friction
pressure loss of the rectan_ular passages. _e design calculations for matching
the pressure loss of the meter-tube cluster combins_ion to that of the fuel-plate
section are presented in th_ appendix.

Two simulated fuel ass_r_lies were constructed for use in the core flow
tests. Fio_ure III-i is a p_lotograph of the componentparts of one of the assem-
blies_ and figure 111-2 ill lstrates the assembled _i:eneral arrangement and instal-
lation in the core. Both f_ures are of the simuls_ed assemblies prior to their
modifications as a result oI_the laboratory tests. _e turbine meter was of
special design utilizing a _ignal pickup situated in the upstream bearing sup-
port. The pickup leads wer_ encased first in a stainless-steel tubular sheath
that extended upward out of the core for a short distance and then in a rubber
tube sheath that extended o lt of the reactor tank. The braided wire cables sup-
ported the meter leads under tension to prevent whipping. The tube cluster was
made of 90 tubes each havin_ 0.220-inch inside dism_eter, 0.250-inch outside diam-
eter and a iS-inch length_ _!us one 3/_-inch-inside-diameter center tube. Be-
cause the design calculatio_Is could not accurately take into account all the mi-
nor pressure losses, a vernier flow adjustment was provided, which later was re-
moved, at the end of the larvae tube in the form of a variable flow area adjust-
ment. Any minor mismatchin_ of the overall pressure loss of the simulated assem-
blies with that of the typi_ dummyfuel assemblies was to be corrected by an
appropriate change in the slot area.

The outputs of the turbine flowmeters were measuredby pulse rate counters
and strip-chart recorders; [_helatter were used primarily for the transient flow
tests in the core.

The laboratory test loop in which the simulated assemblies were tested is
described in part II.

TESTINGPROCEDURES

In the laboratory test_ the overall pressure loss against flow-rate charac-
teristics were measuredin the samemanner as for the regular dummyfuel assem-
blies. The testing procedure is described in part If. Only the grid inlet con-
figuration without the control-rod guides or the bellmouth was used in these
tests. The flow rate was varied from 50 to 510 gallons per minute, and the water
temperature remained fairly constant in the range from 65° to 70° F. The proce-
dure used to install the simulated assemblies in the core and to prepare for a
run is _iven in part I. Oneassembly was retained in the samecore position,
LC-5, for all tests in whic]l the simulated assemblies were used. This assembly
served as a standard against which the second assembly was compared. The second
assembly was movedto a new position after each successive run until the steady
flow rate was measuredat each fuel-assembly position of the core. Most of the
steady flow data was recorded at the design full-power rate of IS,S00 gallons per
minute for the unmodified core. Several measurementswere madeat shutdown rates
of iOO0 and fIG% gallons per minute, and a limited _ount of data was taken at
intermediate rates. The measurementsof the transient flow rates during coast
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downwere madeat the end of a steady-state run at design rate for full power.
The strip-chart recorders were turned on, and the power to the primary pumpswas
turned off.

RESULTSANDDISCUSSION

Laboratory Tests

These tests were primarily for matching the overall pressure loss against
flow-rate characteristics of the simulated assemblies to those of the typical
dummyfuel assemblies, particularly at the high flow rates. If after each test
the pressure losses did not match, the setting of the flow-area adjusting nut was
changed accordingly. Becausethe turbine meter pressure losses were higher than
was anticipated in the design, the final changes called for modifications of the
meters_ removal of the adjusting nut, and an enlargement of the 3/C-inch central
tube in the cluster. The results of the final tests are shownin figure III-3,
where it is seen that the matching was very close (within 3 percent) at the high
rates and quite satisfactory over the entire flow range.

The accuracy and reproducibility of the laboratory tests were very good.
The overall pressure loss was always measurable within i percent at the very low
flow rates. The venturi and turbine meters in the test loops were calibrated and
always measured the flow within !/2 percent of each other. The steadiness of the
flow rates was indicated by the frequency output of the turbine meters, which
seldom varied over ±I cycle per second at a maximumrate of 200 cycles per sec-
ond. Because of the flow steadiness and the accuracy of the instruments, the
meters in the simulated assemblies and those in the test loop agreed to within
1/2 percent. Thus, the laboratory test indicated that the simulated assemblies
could be confidently used in the core tests for all flow rates including the
shutdown conditions.

Core Tests

The simulated assemblies were used only in tests on the unmodified core.
The results of steady-state measurementsare summarizedin figure III-A_ where
the rate measuredby the meter inside the simulated assemblies is plotted against
the measuredcore pressure loss. The curves calculated (see part I, DATAPROC-
ESSING)for typical assemblies in the core are included for comparison. The
agreement between the measureddata and the calculated curve is within 5 percent
except for a few points, which were about !2 percent off. The flows of the simu-
lated assemblies also agreed within 3 percent with those evaluated from the ve-
locities measuredin the individual fuel-plate cooling channels of the dummyas-
sembly used in part I. The flow through the primary water system was very
steady. Hence, the precision of the simulated assemblies allowed an accurate
measurementof the flow distribution amongthe fuel-assembly positions of the
core. As mentioned in part I, the rates at any position did not vary over
±3 percent from the average value of ¢80 gallons per minute.

The transient flow rates during the coast-down period after the pumpswere
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turned off are shownin fi_<ures III-5 and III-6. The shutdown flow loops were
not in operation durin{ th{:se tests. Whenthe two primary pumpswere turned off
simultaneously_ the flow coasted to I0 percent of fuel rate in approximately
iS seconds; whereas with orLepumpoperating the time was about IS seconds.
(Turning the second pumpoff ii sec after the first pumpwas turned off was es-
sentially the sameas the _econdpumprunning alone.)

As seen from the resuJts_ the overall performance of the simulated assem-
blies was quite satisfactory. The reproducibility of the data was very good.
Little difficulty was encountered due to breakage ffuring operation. In short_

the instruments proved to be valuable to the success of the core tests.

CONCLUSIONS

A pair of identical simulated fuel assemblies were developed and used to

measure accurately two important flow characteristics of NASA Plum Brook Reactor:

the steady-state flow rate through the inside of the fuel-assembly positions of

the core_ and the transient rates through them during the coast-down period after

the main pumps were shut off. The units were identical to typical fuel assem-

blies except that the fuel plates were replaced with a turbine f!owmeter in

series with a cluster of tubes.

The overall pressure loss against flow-rate characteristics of the simulated

assemblies were matched in a laboratory flow loop to those of a group of typical

fuel assemblies whose data varied within a maximum error span of S percent over

the range of 50 to SI0 gallons per minute. When employed in the core tests, the

two instruments measured steady flow distribution _mong the fuel-assembly regions

of the core_ and the distribution was uniform to _rlthin ±3 percent of the aver-

age. The transient measurements during the coast-down period showed that the

flow rate in the unmodified core coasted to i0 percent of the value needed for

fuel power operation in approximately 15 seconds. Because the two instruments

proved to be accurate and dependable in the NASA reactor flow tests_ it is be-

lieved that similar devices can be used in many other reactors.

Lewis Research Center

National Aeronautics and Space Administration

C!eveland_ 0hio; March 2S_ 1963
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APPENDIX- DESIGNCALCULATION

_Ptm

_Prc,Lrc

APtc,Ltc

To match the flow characteristics of the turbine meter - tube-cluster com-
bination to those of the fuel-plate section of a regular assembly, the total flow
rate and the overall pressure loss had to be the samefor each. It was assumed
that (see sketch)

ZkPrc= _Ptm + Z_Ptc (Al)

where zkPtm is the overall pressure loss of the turbine meter, ZkPtc is the

tube-cluster pressure loss_ and _Prc is the frictional pressure loss of the

array of parallel rectangular fuel cooling channels. All the other losses such

as the inlet contraction and outlet expansion losses to the meter and the cluster

were assumed to be approximately equal to those of the fuel-plate assembly.

Also_ the friction loss in the round passage between the meter and tube cluster

was negligible. The friction pressure losses _P for smooth tubes and rectangu-

lar channels are represented by the relations

AP = zf _-¢,vz (Az)
D

f _ o. o_6 (_)
Re0. 2

Re = DI-V (A4)
V

where

f friction factor

L channel length

D equivalent diameter

p fluid density

V average fluid velocity
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Re Reynolds number

v kinematic viscosity of fluid

The equivalent diameter for a rectangular channel is defined as

Dro = h)

where W is the distance between the short walls and h is the spacing between

the broad walls. Substitution of equations (A2), (AS), (A6), and (AS) into equa-

tion (AI) results in the fofflowing relation between the average velocities in a

rectangular channel and a round tube:

i/z / ,ash/
Vt---_c= APtm_ I Lrc_l I Dtc 1

Vrc _Prc/tLtc/J _Dre/

(AG)

where subscript tc is for round tubes and rc is for rectangular channels.

Since the total flow through the tube cluster of the simulated fuel assembly was

to be the same as for all the rectangular channels of a typical assembly, some

number of tubes had to pass the same volume rate per channelj that is,

: (wh)Vrc (AV)

where N is the number of tubes per channel. Combining equations (A6) and (AT)

results, after simp!ification_ in

,, ,,q-5/s
(AS)

Equation (AS) is general, and it permitted easy calculation of the number of

tubes per channel required in the cluster for the most frequently expected opera-

ting conditions during the core tests. The h, W_ Lrc _ and APrc of a typical

fuel-assembly-plate cooling channel were known. The _Ptm was supplied by the

turbine-meter manufacturer. The turbine-meter length plus 2 or 5 meter diameters

of free space downstream placed a maximum limit on Ltc. The tube inside diam-

eter Dtc was chosen very nearly equal to Drc to match closely the Reynolds

ntm_ber in the tubes with that in the fuel-plate cooling channels. For these con-

ditions the total number of tubes (0.250-in. 0. D. x 0.220-in. I.D. × 12 in. long)

needed in the cluster was c_culated to be iii. However_ only 98 tubes could be

assembled in the available space. As a compromise 90 tubes were combined with a

5/4-inch-inside-diameter t_e that was hydraulically the equivalent of about 27

of the smaller tubes and thus represented a total of 117 tubes.
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